Development of the endocrine compartment of the pancreas, as represented by the islets of Langerhans, occurs through a series of highly regulated events encompassing branching of the pancreatic epithelium, delamination and differentiation of islet progenitors from ductal domains, followed by expansion and three-dimensional organization into islet clusters. Cellular interactions with the extracellular matrix (ECM) mediated by receptors of the integrin family are postulated to regulate key functions in these processes. Yet, specific events regulated by these receptors in the developing pancreas remain unknown. Here, we show that ablation of the β1 integrin gene in developing pancreatic β-cells reduces their ability to expand during embryonic life, during the first week of postnatal life, and thereafter. Mice lacking β1 integrin in insulin-producing cells exhibit a dramatic reduction of the number of β-cells to only ~18% of wild-type levels. Despite the significant reduction in β-cell mass, these mutant mice are not diabetic. A thorough phenotypic analysis of β-cells lacking β1 integrin revealed a normal expression repertoire of β-cell markers, normal architectural organization within islet clusters, and a normal ultrastructure. Global gene expression analysis revealed that ablation of this ECM receptor in β-cells inhibits the expression of genes regulating cell cycle progression. Collectively, our results demonstrate that β1 integrin receptors function as crucial positive regulators of β-cell expansion.
INTRODUCTION
Integrins comprise a family of α/β heterodimeric receptors that mediate the recognition of extracellular matrix (ECM) components and elicit the activation of bidirectional signaling from both the inside and the outside of cells. 'Inside-out' signaling occurs when intracellular biochemical signals induce integrins to bind to their matrix ligands (Aumailley et al., 2000; Liddington and Ginsberg, 2002) , whereas 'outside-in' signaling results from the binding of a given ECM component by cognate integrin receptors (Hynes, 2002) , which, in turn, promotes integrin association with the actin cytoskeleton and activates signaling pathways inside the cell (Giancotti and Ruoslahti, 1999) . Whereas the α subunit regulates the specificity for recognition of ECM ligands, the β subunit functions as a signal transduction module. Through this dual partnership of ligand specificity and signaling properties, each α/β integrin heterodimer can transduce extracellular cues into distinct cellular responses as diverse as cell adhesion, migration, proliferation, differentiation and cell survival (Giancotti and Ruoslahti, 1999; Howe et al., 1998; Miyamoto et al., 1998; Schoenwaelder and Burridge, 1999) . All of these functions are crucial during development and remain essential for the proper function of multiple cell types throughout postnatal life.
Several in vitro studies using embryonic pancreatic epithelium have shown that integrins regulate cell adhesion and migration (Cirulli et al., 2000; Kaido et al., 2004a; Yebra et al., 2011; Yebra et al., 2003) , cell differentiation and proliferation (Kaido et al., 2004b; Kaido et al., 2006; Yebra et al., 2011) , as well as secretory functions in pancreatic endocrine cells (Kaido et al., 2006; Parnaud et al., 2006) . Specifically, whereas integrins αvβ3, αvβ5 and α6β4 regulate cell attachment to specific ECMs and the migration of undifferentiated pancreatic epithelial cells from ductal compartments (Cirulli et al., 2000; Yebra et al., 2003) , β1 integrin functions encompass regulation of cell proliferation and differentiation (Kaido et al., 2004a; Kaido et al., 2006; Kaido et al., 2010; Yebra et al., 2011) . A few studies have addressed the function of β1 integrins in the developing pancreas in vivo by targeting either collagen type I-producing cells (Riopel et al., 2011) or acinar cells (Bombardelli et al., 2010) . However, virtually nothing is known about the requirement of β1 integrins in the development of the endocrine cell lineage, as represented by the islets of Langerhans (Orci and Unger, 1975 ) (P. Langerhans, PhD thesis, Friedrich-Wilhelms Universität, Berlin, Germany, 1869). Development of the endocrine compartment of the pancreas occurs through a series of highly regulated events involving branching of the pancreatic epithelium, specification and delamination of islet progenitors from ductal domains, followed by their differentiation, expansion and three-dimensional organization into islet clusters (Pan and Wright, 2011) . Among these processes, mechanisms regulating islet cell expansion are crucial for the establishment of a suitable β-cell mass that will ensure adequate insulin secretion in response to normal and modified metabolic demands throughout life.
In this study, we investigated the function of β1 integrins in developing islet β-cells by targeting the deletion of exon 3 of the mouse β1 integrin gene (Itgb1) using a Cre-lox approach. Our results demonstrate that this class of integrin receptors is required for proper β-cell expansion during development and in postnatal life.
The use of animal subjects was reviewed and approved by the University of California San Diego and University of Washington Institutional Animal Care and Use Committee. RIP-Cre (RIP, rat insulin 2 promoter) transgenic mice (Herrera, 2000) were crossed with floxed β1 integrin mice (Raghavan et al., 2000) to generate conditional knockout mice lacking β1 integrin in pancreatic β-cells. Genotyping was performed by PCR using primers as previously described (Herrera, 2000; Raghavan et al., 2000) (supplementary  material Table S1 ). For proliferation studies, adult mice were injected intraperitoneally with BrdU (Sigma-Aldrich) at 0.1 g/kg body weight every other day for 1 week before harvesting the pancreas. The glucose tolerance test was performed after an overnight fast by intraperitoneal injection of glucose (1 mg/kg body weight) and blood samples were obtained from the tail vein at different time points. Blood glucose was measured with a glucometer (LifeScan) and plasma insulin levels were measured by ELISA (Alpco Diagnostic).
FACS analysis
Pancreatic islets were dissociated into a cell suspension, fixed, permeabilized, and stained by two-color immunofluorescence with PEconjugated anti-β1 integrin (Biolegend 102207) and Alexa 488-conjugated sheep anti-insulin antibodies, and analyzed using a FACSVantage cell sorter (Becton Dickinson).
Adhesion and proliferation assays
Islets were isolated by intraductal injection of 0.5 mg/ml Liberase (Roche), purified on a Ficoll gradient and either cultured overnight in RPMI containing 10% fetal calf serum (FCS) or dissociated into a single-cell suspension with a non-enzymatic dissociation medium (Sigma-Aldrich) and plated onto different ECMs as previously described . After 1 hour, cells were fixed, stained for insulin or glucagon by indirect immunocytochemistry and positive cells counted under the microscope.
For in vitro proliferation assessment, whole islets or single-cell suspensions were plated onto 804G-coated coverslips in RPMI with 10% FCS supplemented with 20 ng/ml hepatocyte growth factor [HGF; also known as scatter factor (SF)] (Bosco et al., 2000; Hayek et al., 1995) . Fortyeight hours after plating, cells were pulsed with 10 μM BrdU (SigmaAldrich) and cultured for an additional 24 hours. After staining for BrdU and insulin, double-positive cells (BrdU + /insulin + ) were counted under a fluorescence microscope and results expressed as a percentage of total β-cells.
Immunofluorescence staining and morphometric analysis
Two-and three-color immunofluorescence and confocal analysis were performed on paraffin sections of fetal and adult mouse pancreas or isolated mouse pancreatic islet cells, as previously described (Yebra et al., 2003) . Primary antibodies are listed in supplementary material Table S2 . The species-specific fluorophore-labeled F(ab) 2 secondary antibodies LRSCdonkey anti-rabbit and anti-mouse IgGs, FITC-donkey anti-rat and antisheep IgGs, and Cy5-donkey anti-sheep IgGs were from Jackson ImmunoResearch. Stained sections were viewed on a Zeiss Axiovert 35M microscope equipped with a laser scanning confocal attachment (MRC-1024, Bio-Rad) or on a fluorescence microscope (Nikon Eclipse 800), and morphometric measurement performed using Image Pro Plus software (Media Cybernetics). Measurements of insulin-and glucagon-positive areas were then expressed as a percentage of total pancreatic area. At least 50 non-consecutive sections (5 μm) at intervals of 100 μm were analyzed per adult pancreas (~5% of the pancreas), collected from five to eight animals per group. For P4 pancreas, we analyzed 30 sections at intervals of 50 μm (~10% of the pancreas), collected from six animals per group. For E17.5 pancreas, we analyzed 20 sections at intervals of 25 μm (~20% of the pancreas), collected from eight embryos per group.
Western blotting, quantitative PCR (qPCR) and microarray analysis
Protein extracts from mouse islet lysates were resolved by PAGE, transferred to a PDVF membrane, blocked and incubated with the antibodies described in supplementary material Table S2 . Membranes were incubated with HRP-conjugated secondary antibody and visualized by ECL (Pierce).
Total RNA from sorted β-cells was extracted using TRIzol reagent (Life Technologies) and 1 μg total RNA was reverse transcribed using random primers and SuperScript III reverse transcriptase (Life Technologies) following the manufacturer's instructions. SYBR Green qPCR was performed using the ABI Prism 7900HT system (Life Technologies) and the primers listed in supplementary material Table S1 .
For microarray analysis the Illumina mouse-6 v2 Expression BeadChip array was used as previously described . Briefly, biotinylated cRNA was prepared using the Illumina RNA Amplification Kit (catalog number1 L1791; Ambion, Austin, TX, USA) according to the manufacturer's directions starting with 100 ng total RNA. Hybridization of labeled cRNA to the BeadChip, and washing and scanning were performed according to the Illumina BeadStation 500× manual. The arrays were scanned on the Illumina BeadArray Reader, a confocal-type imaging system with 532 (cye3) nm laser illumination. Data analysis and QC was carried out using the BeadStudio software (Illumina). Data presented are MIAME compliant and raw data have been deposited in the EBI ArrayExpress Database (accession number: E-MEXP-3736).
Statistics
The statistical significance of differences in data values was validated by analysis of variance (ANOVA) followed by Bonferroni's multiple comparison test, or by two-tailed Student's t-test, using the Prism 4 statistical package (GraphPad), with significance limit set at P<0.05.
RESULTS

Cre-mediated deletion of β1 integrin in pancreatic β-cells
The β1 integrin subunit is expressed in virtually all cell types (Giancotti and Ruoslahti, 1999) . In the pancreas, β1 integrin has been documented to mediate important functions ranging from adhesion and migration of progenitor cell populations Yebra et al., 2003) , to cell survival and secretory functions of adult islet cells (Bombardelli et al., 2010; Bosco et al., 2000; Kaido et al., 2004a; Kaido et al., 2004b; Kaido et al., 2006; Kaido et al., 2010; Parnaud et al., 2006; Riopel et al., 2011; Saleem et al., 2009) .
In situ immunolocalization reveals that the β1 integrin subunit is broadly expressed in both the developing and postnatal pancreas (Fig. 1) . In E17.5 pancreas, the brightest levels of β1 integrinspecific immunoreactivity are in ductal cells (Fig. 1A-D , cyan arrows) and in vascular structures colonizing developing islet cell clusters (Fig. 1A-D , cyan arrowheads). Significant β1 integrinspecific immunoreactivity is readily detected at cell-cell and cellmatrix boundaries of developing β-cells (Fig. 1A-D , yellow arrowheads). This expression pattern remains relatively unaltered in postnatal life at P4 (Fig. 1E-H) , when β1 integrin remains expressed at high levels in the ductal epithelium (cyan arrows) and in endothelial cells (cyan arrowheads), and at lower levels in β-cells (yellow arrowheads) and in acinar cells, as determined by both qualitative assessment (Fig. 1A-H ) and quantitative measurement of the pixel intensity of β1 integrin-specific immunoreactivity (Fig. 1I) .
Building on these results, and based on the notion that the signaling properties of integrin receptors are dictated primarily by their state of activation rather than by their level of expression (Giancotti and Ruoslahti, 1999; Liddington and Ginsberg, 2002) , we investigated the functional requirement of β1 integrin during β-cell development by means of a conditional gene knockout approach. We chose RIP-Cre mice, which have been used previously to successfully target floxed DNA sequences in pancreatic β-cells (Herrera, 2000) . Fig. 2A shows X-Gal staining of islets of Langerhans in a pancreas from a heterozygous RIPCre; tm1Sor /J mouse (Soriano, 1999) . Following this control experiment demonstrating Cre activity in islet cells, we crossed RIP-Cre mice with homozygous B6;129-Itgb1 tm1Efu /J mice that harbor loxP sites flanking exon 3 of the β1 integrin gene (Raghavan et al., 2000) . Fig. 2B shows the PCR genotyping of β1 integrin heterozygous/RIP-Cre + (ht/Cre + ) and β1 integrin homozygous/RIP-Cre + (hm/Cre + , henceforth referred to as RIP-Cre/β1KO). RIP-Cre/β1KO mice were viable and were used for biochemical and morphological characterization.
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Western blotting analysis of islet protein extracts from RIPCre/β1KO mice demonstrates efficient ablation of β1 integrins (Fig. 2C ), with only a faint β1 integrin-specific immunoreactive band in the RIP-Cre/β1KO sample, which is likely to be due to the non-insulin-expressing endocrine cells or other non-endocrine cells present within the islets. Fig. 2D shows immunofluorescent staining of isolated islet cells for β1 integrin (red) and insulin (green). Note that whereas significant β1 integrin-specific immunoreactivity is detected in wild-type (WT) insulin-positive and insulin-negative cells (Fig. 2D, left) , in RIP-Cre/β1KO mice the β-cells (green) lack β1 integrin-specific staining (Fig. 2D, right) . Flow cytometry analysis on islet cells immunostained for insulin and β1 integrin demonstrates ~95% recombination in RIP-Cre/β1KO mice ( Fig. 2E,F) . Collectively, these experiments demonstrate that β1 integrin is efficiently deleted in islet β-cells of RIP-Cre/β1KO mice.
Defective β-cell adhesive properties in RIPCre/β1KO mice The ability of integrin receptors to support cell adhesion depends on the recognition of specific ECM ligands present in the extracellular environment. To determine whether pancreatic β-cells from RIP-Cre/β1KO mice exhibit impaired cell adhesion properties, intact islet clusters or isolated islet cells were tested for their ability to adhere to a cell-assembled basal membrane-like matrix (804G) (Bosco et al., 2000; Hayek et al., 1995) or to select ECM components. We found that islet cell clusters isolated from WT mice promptly adhered and spread onto 804G matrix, and established monolayer colonies within 72 hours in culture (Fig. 2G , top left). By contrast, RIP-Cre/β1KO islet cells, cultured under the same conditions, remained loosely attached to the 804G matrix and failed to establish cell monolayers (Fig. 2G , top right). When islets were dissociated into a single-cell suspension and plated on the 804G matrix, WT islet cells adhered and established small colonies (Fig. 2G , bottom left), whereas islet cells isolated from RIP-Cre/β1KO mice were unable to do so (Fig. 2G , bottom right).
To examine the adhesive property of β-cells and non-β-cell types present in islet cell preparations, islet cells isolated from either WT or RIP-Cre/β1KO mice were tested for their ability to adhere to select ECM proteins using a short-term adhesion assay under serumfree conditions, as previously described Yebra et al., 2003) . At the end of the assay, adherent cells were fixed, stained for insulin or glucagon by immunocytochemistry to identify α-and β-cells, respectively, and counted. Fewer β-cells from RIPCre/β1KO islets adhered to collagen IV and fibronectin when compared with WT cell preparations (Fig. 2H ). By contrast, β-cell adhesion to laminin and vitronectin was unaffected, which was likely to be due to the ability of other integrin receptors, such as α6β4 and αvβ5, to mediate cell adhesion to these ECMs (Belkin and Stepp, 2000; Cirulli et al., 2000) . Glucagon-producing α-cells, which were not targeted in RIP-Cre/β1KO mice, displayed comparable adhesion to all ECM substrates tested in both animal groups (Fig. 2I) .
Reduced β-cell numbers in RIP-Cre/β1KO mice Pancreatic sections from 8-week-old WT or RIP-Cre/β1KO mice were used for immunofluorescence and morphometric studies to determine whether the deletion of β1 integrin affected the phenotype and architecture of the islets of Langerhans. These experiments revealed that islet clusters are significantly smaller in RIPCre/β1KO mice when compared with WT ( Fig. 3A-D) . A representative example of this phenotype is shown in Fig. 3A , where immunostaining for insulin and glucagon identifies islet clusters. Within islets of RIP-Cre/β1KO mice, β1 integrin-specific immunoreactivity is only detected in α-cells (red) and in capillary endothelial cells (red arrows), but not in β-cells. Extensive morphometric measurements revealed that the area occupied by β-cells is reduced by ~80% in RIP-Cre/β1KO mice compared with either WT or control RIP-Cre transgenics (Fig. 3B) , whereas the number of α-cells is unaffected (Fig. 3C) . In addition, analysis of the islet size distribution revealed that whereas the frequency of small islet clusters (50-100 cells) does not differ significantly between
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WT and RIP-Cre/β1KO mice, the number of larger islets (>100 cells) is dramatically reduced in RIP-Cre/β1KO mice, suggesting that β-cells, following their specification and differentiation, are unable to expand in the absence of β1 integrin (Fig. 3D) . Morphometric assessment of apoptotic events as a possible mechanism for the reduction in β-cell numbers revealed no differences between RIP-Cre/β1KO and WT pancreata (data not shown). Further phenotypic characterization revealed that β-cells from RIP-Cre/β1KO mice exhibit a normal expression pattern of the transcription factors MAFA, PAX6, NKX6.1 and PDX1 ( Fig. 3E) , suggesting that loss of β1 integrin does not affect their ability to express these markers of endocrine differentiation.
Loss of β1 integrin does not affect the differentiation or function of β-cells
To fully define the phenotype of RIP-Cre/β1KO β-cells we performed ultrastructural studies by transmission electron microscopy (TEM). Representative TEM images of β-cells from
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Development 140 (16) WT (Fig. 4A,C) and RIP-Cre/β1KO (Fig. 4B,D) mice show morphologically normal insulin granules in both cell preparations, thus demonstrating that ablation of β1 integrin does not negatively affect the cellular machinery responsible for the biosynthesis of these subcellular compartments. Interestingly, despite previous evidence indicating that β1 integrin plays important roles in the assembly and maintenance of basal membranes (Aumailley et al., 2000; Ruoslahti, 1996) , we find that β-cells from RIP-Cre/β1KO mice exhibit electron-dense basal membrane structures that are indistinguishable from those observed in WT (Fig. 4D versus 4C , brackets). In addition, microcapillary endothelial cells lining basal membranes adjacent to RIP-Cre/β1KO β-cells exhibit normal fenestrations (Fig. 4C,D, arrowheads) , suggesting that ablation of β1 integrin in β-cells has no functional consequences for the morphology of the adjacent vascular endothelium. In these studies we also observed that β-cells from RIPCre/β1KO mice appear to contain an increased number of insulin granules. This observation was validated biochemically by the demonstration that β-cells in RIP-Cre/β1KO mice contain close to 3-fold more insulin than in WT (Fig. 5A) .
Despite the significant reduction in β-cell numbers (Fig. 3) , adult RIP-Cre/β1KO mice did not display abnormal fasting glycaemia, nor altered response in a glucose tolerance test (Fig. 5B) . These results are not surprising in consideration of the fact that, in most rodent models, overt diabetes occurs only upon loss of more than 80% of the total pancreatic β-cell number (Bonner-Weir et al., 1983) . The only functional difference we observed in RIPCre/β1KO mice is a reduced insulin output in response to glucose, although both the first and second phases of insulin release are preserved (Fig. 5C ). RIP-Cre/β1KO β-cells also display a normal membrane-targeted expression of the glucose transporter GLUT2 (SLC2A2 -Mouse Genome Informatics) (Fig. 5D,E) , and Glut2 expression appears significantly upregulated in RIP-Cre/β1KO β-cells when compared with WT (Fig. 5F ). These results indicate that RIP-Cre/β1KO β-cells harbor a functional glucose-sensing machinery that allows for sufficient insulin secretion to maintain normoglycemia. It is possible that, despite the reduced β-cell mass
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and decreased levels of circulating insulin (Fig. 5C) , RIP-Cre/β1KO mice may develop peripheral insulin hypersensitivity as an adaptive counter-regulatory mechanism to maintain normoglycemia. β1 integrin is required for β-cell expansion Based on the evidence that β1 integrins may function as positive regulators of cell cycle progression and survival (Novak et al., 1998; Sherr and Roberts, 1995) , we postulated that the reduced number of β-cells in RIP-Cre/β1KO mice might result from defective β-cell expansion and/or survival during the developmental and neonatal periods. Indeed, immune-morphometric assessment of pancreata stained for markers of cell proliferation demonstrated that at E17.5 numerous proliferating β-cells can be identified in the pancreas of WT but not RIP-Cre/β1KO mice (Fig. 6A, arrowheads) . This analysis revealed a significant reduction of the number of proliferating β-cells, as determined by double immunostaining for insulin and phospho-histone H3 (Fig. 6B) , or double staining for insulin and PCNA (Fig. 6C) . These results correlated with a reduction of β-cell area already at this relatively early stage of islet cell cluster expansion (Fig. 6D ). This phenotype becomes even more striking by P4, when the number of proliferating β-cells increases dramatically in WT but not in RIP-Cre/β1KO mice ( Fig. 6E-G) , an effect that correlates with a dramatic reduction of the β-cell area (Fig. 6H) . Eventually, by 8 weeks of age, although occasional proliferation of β-cells can still be detected in WT mice, BrdU + (or PCNA + ) β-cells become extremely rare in RIP-Cre/β1KO mice ( Fig. 6I-K) . Accordingly, RIP-Cre/β1KO mice exhibit a β-cell area that is only ~18% of that measured in WT or in RIP-Cre transgenic mice used as additional controls (Fig. 6L) .
To investigate whether β-cells from RIP-Cre/β1KO mice can be induced to proliferate in vitro, we isolated islets from both WT and RIP-Cre/β1KO mice, and cultured them on 804G extracellular matrix-coated coverslips in the presence of HGF as previously described (Hayek et al., 1995) . WT islets established colonies that comprised numerous BrdU-incorporating insulin + cells over a 3-day culture period (Fig. 5M) . By contrast, islets isolated from RIPCre/β1KO mice failed to adhere, spread or generate colonies (Fig. 2F ) and did not show any significant cell proliferation (not shown). In similar experiments, plating of partially dissociated islets onto the 804G extracellular matrix gave similar results, with numerous BrdU-incorporating β-cells detected in WT (Fig. 6N,P) but not in RIP-Cre/β1KO islet cell preparations ( Fig. 6O,P) . Hence, ablation of β1 integrin in β-cells severely impacts on their ability to respond to mitogenic stimuli provided by ECM cues and by growth factors such as HGF.
Ablation of β1 integrin affects the expression of genes that regulate cell cycle progression
To investigate the effect of β1 integrin ablation on global gene expression we performed a microarray analysis on FACS-sorted β-cells using the Illumina mouse-6 v2 Expression BeadChip array. As shown in Fig. 7A , these experiments revealed a significant upregulation of genes encoding ECM ligands of β3, β4 or β5 integrin receptors (Vtn, Lamb3, Ntn1, Ntn4), non-integrin receptors such as DDR1 and DDR2 (Col1a1, Col3a1, Col14a1) and genes involved in basement membrane assembly (Col6a1, Col7a1, Col8a1) (van der Rest and Garrone, 1991; Gelse et al., 2003; Vogel et al., 1997) . Conversely, genes encoding ECM ligands of β1 integrin receptors (Col4a2) are downregulated. Similarly, genes regulating MAPK/Rho activity (Map4, Mapk8ip2, Pik3cg, Jun, Arhgef10, Fgd2) are downregulated, possibly reflecting reduced integrin activation and utilization due to the ablation of the β1 integrin subunit. As shown in Fig. 7B , many genes reported to act as positive regulators of cell cycle arrest, such as ERK-dependent tumor suppressors (Dmbt1, Azgp1, Pdcd4), inhibitors of cyclins (Cdkn1a, Cdkn1c), and cyclin dependent kinases (Cdk5rap1), are upregulated in the RIP-Cre/β1KO β-cells. Surprisingly, we also observed that some genes known to foster cell cycle progression (Hhex, Ifrd2, Sphk1) are upregulated in RIP-Cre/β1KO β-cells, possibly as a result of an attempt to overcome the proliferation defect. Among genes known to function as strong positive regulators of cell cycle progression, Ovol2 and Tuba1 are the most significantly downregulated. A further representation of these results is shown in Fig. 7C , where individual genes and their fold changes in expression (normalized to values recorded in WT β-cells) are clustered based on their involvement in the regulation of select phases of the cell cycle, i.e. G1 through M phase. This representation facilitates a visual inspection of both positive and negative regulators of the cell cycle while identifying the effects of β1 integrin deletion on their levels of expression. In this display, Ccnd1, Ccnd2 and Ccne1, which regulate the progression from G1 to S phase, are downregulated, possibly owing to the increased expression of the inhibitor Cdkn1a (p21) (Cozar-Castellano et al., 2006) . Significant downregulation of E2f1 and E2f2 is also observed, which in turn is likely to contribute to cell cycle arrest in G1 phase (Wu et al., 2001) . As a possible rebound mechanism, genes involved in S-and G2-phase checkpoints, such as Cdc25a, are upregulated, whereas the cyclin inhibitor Gadd45 and components of the APC complex (Anapc5, Anapc7 and Cdc27) are downregulated, possibly as a result of an unsuccessful attempt to
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Development 140 (16) push the cell through interphase. Changes in the expression levels of select genes were validated by qPCR. As shown in Fig. 7D , β-cells isolated from RIP-Cre/β1KO mice show significant downregulation of cyclin D1 (Ccnd1), which is known to be required for postnatal β-cell growth , and an upregulation of the cyclin inhibitor Cdkn1a, which is reported to negatively regulate cell cycle progression in β-cells (CozarCastellano et al., 2006) and in other cell types (Aszodi et al., 2003; Li et al., 2005) .
In parallel experiments, western blotting analysis revealed a slight reduction of phosphorylated ERK1/2 (MAPK3/1 -Mouse Genome Informatics), phosphorylated AKT and PTEN (Fig. 7E,F) , which are all known to be directly regulated by integrins (Saleem et al., 2009; Velling et al., 2004) . In addition, RIP-Cre/β1KO β-cells exhibited a dramatic decrease in α-tubulin levels (Fig. 7E,F) , a protein that, in addition to its function in microtubule assembly, has been shown to directly control cell cycle entry and progression by positively regulating ERK activation and cyclin B synthesis (Vée et al., 2001 ).
DISCUSSION
It is well established that β1 integrin receptors regulate multiple functions, encompassing cell adhesion, migration, differentiation, growth and survival (Giancotti and Ruoslahti, 1999; Liddington and Ginsberg, 2002; Wang et al., 1998) . In this study, we provide original evidence for a crucial role of the β1 integrin subunit in the in vivo expansion of pancreatic β-cells following their endocrine specification. Our results indicate that 'pro-proliferative' signaling cues transduced by β1 integrins in pancreatic β-cells are uncoupled from 'pro-differentiative' signals attributed to these receptors in other cell types, suggesting that alternative integrins, and cell-cell adhesion receptors, are likely to be responsible for mediating the interaction of β-cells with their extracellular microenvironment and with neighboring cells, and for regulating the maintenance of their differentiated endocrine phenotype.
The signaling properties of integrin receptors are dictated primarily by their state of activation resulting from ECM ligand occupancy and/or cis-transactivation through interaction with 3367 RESEARCH ARTICLE Integrins in islet development growth factor receptors harboring tyrosine kinase functions, rather than by their levels of expression (Fujita et al., 2013; Giancotti and Ruoslahti, 1999; Ju and Zhou, 2013; Liddington and Ginsberg, 2002; Margadant et al., 2011; McCall-Culbreath et al., 2008; Mitra et al., 2011; Wang et al., 1998) . Nevertheless, it is reasonable to infer that the levels of β1 integrin expression detected in different pancreatic epithelial cell types correlate with cell type-specific proliferative capabilities. Accordingly, ductal cells expressing high levels of β1 integrin exhibit a higher propensity to respond to mitogenic stimuli than islet cells and acinar cells (Beattie et al., Logsdon, 1990; Githens et al., 1994; Means et al., 2005; Rooman et al., 2000) . Conversely, acinar cells, which we find to express low levels of β1 integrin, are unable to undergo significant proliferation unless they enter an acinar-to-ductal transdifferentiation (Fukuda et al., 2012; Kopp et al., 2012; Reichert et al., 2013) . Islet cells have been reported to undergo epithelial-tomesenchymal transition when replicating (Kaido et al., 2010; Montgomery and Yebra, 2011) , a phenomenon that has been described in many epithelial cell types and that is associated with significant upregulation of β1 integrin (Lim and Thiery, 2012; Yeh et al., 2010) . This provides a possible mechanism by which cells about to enter the cell cycle can enhance their propensity to use this integrin subunit to respond to microenvironmental cues and activate pro-proliferative signaling cascades.
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Following their endocrine specification and insulin expression, pancreatic β-cells enter a spatiotemporally regulated expansion that starts to become evident at ~E17.5, continues to increase during the last week of embryonic life, reaches a plateau during the first 2 weeks of postnatal life , and gradually declines thereafter Teta et al., 2005; Tschen et al., 2009) . Based on this well-established timeline of islet cell mass development, and on the established proproliferative functions of β1 integrin described in other epithelia, our finding that RIP-Cre/β1KO mice exhibit significantly reduced numbers of β-cells led us to postulate that the ablation of β1 integrin in β-cells might negatively impact on their replication and/or survival. Accordingly, our analysis of RIP-Cre/β1KO pancreas reveals that the frequency of proliferating β-cells is significantly decreased already at E17.5, a defect that becomes even more dramatic during the first week of postnatal life, and in adult mice. This proliferative defect leads to a severe reduction in β-cell numbers in adult RIP-Cre/β1KO pancreas as compared with WT mice. Collectively, these results clearly demonstrate that β1 integrin functions as a crucial positive regulator of β-cell expansion during development and in postnatal life.
A detailed phenotypic analysis of β-cells from RIP-Cre/β1KO mice revealed that, despite defective cell adhesion to fibronectin and collagen type IV, they retain all of the essential hallmarks of endocrine differentiation, normal architectural organization within islet clusters, and glucose-stimulated secretory function. Accordingly, we found that the expression pattern of the transcription factors PDX1, PAX6, NKX6.1 and MAFA appears indistinguishable from that of WT β-cells. Interestingly, the insulin content of β-cells from RIP-Cre/β1KO mice is increased 3-fold, suggesting that maintenance of endocrine differentiation might be regulated by alternative mechanisms of cell-cell and/or cell-matrix interaction. Notably, we found that the expression of the canonical cadherins Cdh1 and Cdh2 (E-cadherin and N-cadherin), which are the primary adhesion receptors responsible for cell-cell aggregation of islet cells (Rouiller et al., 1991; Dahl et al., 1996) , is unaffected in β-cells from RIP-Cre/β1KO, suggesting that their prodifferentiative function is preserved in the absence of β1 integrin.
Previous work has proposed that laminins produced by endothelial cells play an important role in regulating insulin gene expression, and that blockade of β1 integrin laminin receptors in β-cells interferes with insulin secretion (Bosco et al., 2000; Nikolova et al., 2006; Parnaud et al., 2006) . At variance with these earlier in vitro studies, we find that the genetic ablation of β1 integrin in β-cells in vivo does not affect their insulin production or secretion in response to glucose. These results suggest that, in the absence of β1 integrin, β-cells might activate alternative mechanisms of ECM recognition that support their endocrine phenotype and function.
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Hence, our findings might be explained by the fact that pancreatic islet cells express not only β1 but also β3, β4 and β5 integrins (Cirulli et al., 2000; Kaido et al., 2004a; Kaido et al., 2004b; Kaido et al., 2006; Kaido et al., 2010; Riopel et al., 2011; Saleem et al., 2009; Yebra et al., 2011; Yebra et al., 2003) . These integrins might provide alternative mechanisms of cell-matrix recognition and might contribute/transduce pro-differentiative signaling cues allowing for the development and functional maturation of β-cells. In support of the possible compensatory function of these alternative integrins, there is evidence that β3 and β5 integrins (i.e. αvβ3 and αvβ5) mediate a number of functions ranging from stationary cell adhesion to motility and invasion, as well as cell proliferation or differentiation depending on the cellular context. In addition, it was demonstrated that β1, β3 and β5 integrins share a reciprocal regulatory cross-talk at the transcriptional, translational and posttranslational levels, such that significant β3 and/or β5 compensatory functions can be elicited when β1 is either blocked or genetically ablated, resulting in the maintenance or enhancement of cell differentiation programs (Brunetta et al., 2012; Guan et al., 2001; Hirsch et al., 1998; Jeanes et al., 2012; Retta et al., 1998) . Further supporting a compensatory function by alternative integrins, the β4 subunit, partnering with α6 to form the α6β4 laminin 5 receptor, has been shown to support a multitude of signaling pathways depending on the cellular context and the complement of other adhesion receptors (Dowling et al., 1996; Giancotti and Ruoslahti, 1999; Giancotti et al., 1992; Niessen et al., 1996; Sonnenberg et al., 1991; van der Neut et al., 1999; Xia et al., 1996; Yebra et al., 2003) . Our full-genome Illumina array shows that β-cells from RIP-Cre/β1KO mice exhibit significant upregulation of ECM components, such as vitronectin (Vtn) and laminin 5 β-chain (Lamb3), that serve as ligands for αvβ3 and α6β4, respectively. Among other genes upregulated in β-cells as a result of β1 integrin deletion are those that encode netrin 1 and netrin 4 (Ntn1 and Ntn4), two proteins that share significant homology with laminins and that we have previously reported to be expressed in the developing pancreas in distinct cellular compartments, where they support cell adhesion, migration and endocrine differentiation (Cirulli and Yebra, 2007; Yebra et al., 2011; Yebra et al., 2003) . Based on evidence demonstrating that netrins may also contribute to signaling that supports β-cell survival (Yang et al., 2011) , it is possible that ablation of β1 integrin might trigger counter-regulatory mechanisms that protect β-cells from apoptosis.
In addition to regulating mechanisms of cell-matrix adhesion (Hynes, 2002; Vuori, 1998) , β1 integrins have been shown to play important roles in the assembly and homeostasis of basal membranes (Ruoslahti, 1996) , which are thin proteinaceous layers comprising a mesh-like macromolecular organization of ECM components that cells adhere to and use as a signaling platform during development and in postnatal life (Cheng et al., 1997; Martin and Timpl, 1987; Yurchenco and Wadsworth, 2004) . Experimental evidence has shown that deletion of β1 integrins negatively impacts on the assembly and function of basal membranes, which in turn may alter cell attachment, cell phenotype and function (Aumailley et al., 2000; Sasaki et al., 1998) . Surprisingly, we find that ablation of β1 integrins in β-cells has no effect on the integrity and ultrastructural appearance of basal membranes that are identifiable at the interface between endothelial cells and β-cells. Several concurrent mechanisms may be invoked to explain these findings. For example, β-cells from RIP-Cre/β1KO mice express and upregulate a number of basal membrane components, such as laminin 5 β-chain (Lamb3), netrin 1 and netrin 4 (Ntn1 and Ntn4), and accessory ECM proteins (e.g. Vtn) (Fig. 7) . Based on the reported ability of laminins and netrins to self-assemble into basal membrane-like networks (Cheng et al., 1997; Yurchenco and Wadsworth, 2004) , it is possible that, in the absence of a β1 integrin-mediated mechanism of basal membrane assembly, the upregulation of the Lamb3 chain and netrins observed in our RIP-Cre/β1KO β-cells might provide compensatory mechanisms to rescue basal membrane architecture. Further supporting this possibility is the observation that RIPCre/β1KO β-cells also exhibit increased transcript levels for collagen isoforms Col6a1, Col7a1 and Col8a1, which have previously been shown to be involved in the assembly and architectural integrity of basal membranes (Gelse et al., 2003; van der Rest and Garrone, 1991) . Alternatively, it is possible that the assembly of ECM components into functional basal membranes is mediated by alternative integrin subunits expressed by β-cells (e.g. β3, β5 or β4) or by non-integrin ECM receptors such as DDR1 and DDR2 (Vogel et al., 1997) , which we find to be significantly upregulated in β-cells from RIP-Cre/β1KO mice. Finally, endothelial cells expressing high levels of integrin receptor β1, in addition to β3, β5 and β4, are also known contributors to basal membrane biosynthesis and assembly, and may assist in mitigating possible defects caused by the deletion of β1 integrin in adjacent β-cells. Collectively, our observations indicate a dynamic adaptation of β-cells to the loss of β1 integrin function to produce basal membranes, and, together with previous work in rodent and human islets (Otonkoski et al., 2008; Virtanen et al., 2008) , indicate that the biosynthesis of functional basal membranes within islet clusters is contributed to not only by endothelial cells, as previously proposed (Nikolova et al., 2006) , but also by β-cells (Fig. 7) .
Maintenance of cell differentiation is constantly at balance with mechanisms regulating cell proliferation. This is achieved through the interplay between positive and negative regulators of the cell cycle that are controlled by both cell-autonomous and nonautonomous mechanisms of gene expression Miller et al., 2007) . Integrins provide an example of multimodular receptors that, depending on their αβ heterodimeric composition, can function as highly specialized transducers of extracellular cues capable of activating outside-in signaling pathways ultimately affecting cellular decisions. Our experiments clearly demonstrate how ablation of β1 integrin in β-cells can dramatically alter their ability to respond to growth stimuli provided by ECMs and growth factors, both in vivo and in vitro. Thus, our full-genome microarray analysis shows that whereas positive regulators of the cell cycle are downregulated, genes that prevent or interfere with cell replication, and thus foster cell differentiation, are upregulated (Fig. 7) . The upregulation of genes promoting cell cycle arrest might be explained by mechanisms of derepression invoked as a result of the ablation of β1 integrin, whereas the upregulation of genes supporting cell cycle progression might reflect an attempt to overcome the proliferative defect caused by the loss of β1 integrin signaling. Accordingly, loss of β1 integrin signaling is supported by the observed downregulation of some of the cyclins or cyclin kinases, as well as of MAPK activity, which are known downstream effectors of β1 integrin signaling (Chiang et al., 2011; D'Amico et al., 2000; El Azreq et al., 2012; Saleem et al., 2009; Velling et al., 2004) . Also of interest is the downregulation of Ovol2 and Tuba1. Ovol2 downregulation has been shown to interfere with c-MYC and NOTCH1 activity, thus causing cell cycle arrest in G1/G0 phase (Wells et al., 2009) . Similarly, blockade of α-tubulin has been reported to inhibit cyclin B accumulation and ERK2 activation, leading to arrest in interphase (Vée et al., 2001 ).
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Both ERK and AKT are known to be directly regulated by integrins (Saleem et al., 2009; Velling et al., 2004) , and their activity has been shown to regulate cell proliferation and survival (Chambard et al., 2007; Lawlor and Alessi, 2001) . Hence, reduced activation of the ERK and AKT pathways may impact negatively on the regulation of cyclin D1 transcription. Based on evidence that c-MYC, NOTCH1 and ERK2 are regulated by β1 integrin activation, our results suggest that Ovol2 and Tuba1 might function as novel effectors of β1 integrin utilization in islet β-cell expansion.
Collectively, our studies demonstrate that, in the absence of β1 integrins, pancreatic β-cells fail to activate the signaling machinery that would otherwise lead to their expansion during development and in postnatal life. Although loss of β1 integrin-mediated outsidein signaling renders β-cells unresponsive to the extracellular cues that would normally elicit their expansion for the establishment of a normal baseline β-cell mass, this defect does not affect the state of differentiation nor the secretory function of this endocrine cell population.
